tive genomics, and (4) investigate the positional conser-
We also evaluated positional weight matrices (PWMs) built on the same training set and obthat the median distance from the start methionine was ‫051ف‬ bp, and that 88% are located within 10 kb of tained qualitatively similar, but fewer, significant results. Many of the sites identified by the HMM, but not PWM, the start methionine (Experimental Procedures, and H. Ueda, personal communication) . methodology, contained insertions or deletions outside of the core palindrome (TGACGTCA), although the imBecause many more translational start sites have been mapped across species than TSSs, we chose start meportance of these flanking regions for transcriptional activation via CREB is unclear. Differences in parameter thionines as the fixed reference point. Therefore, in this study we chose to focus our searches to the 10 kb estimation between PWM and HMMs may also contribute to discrepancies between the two searching regions upstream of the start methionine in mouse and human genes.
methods. Thousands of hits were produced for the searches of Several methods have been employed to search for both the mouse and human genomic sequences; thereand 84% of significant human sites were not found as significant in their corresponding ortholog. Many of the fore we used the match scores from known CREB binding sites as a reporting threshold. This analysis resulted conserved CREs across species occurred within 1000 bases of the ATG initiator codon ( Figure 1C ). Prompted in 1349 mouse sites and 1663 human sites identified. Although statistically significant, many of the hits could by the earlier observation that many TSSs are likewise distributed, we mapped the 5Ј UTR of Refseq genes for be spurious due to the relatively short nature of response elements, prompting us to investigate whether the putative CREB target genes to the genome using BLAST. This analysis showed that many of conserved CRE-like cAMP response element is positionally conserved between the upstream regions of mouse and human ortholosequences occurred within 250 bp of the 5Ј UTR sequence, a rough approximation of the TSS ( Figure 1D ). gous genes (http://www.ncbi.nlm.nih.gov/HomoloGene/). This analysis revealed a striking positional conservaTaken in sum, these results suggest the existence of many additional CREB target genes in the mammalian tion of the best "hits" to the HMM, while lower scoring hits were not conserved by position in mouse and human genome and show that many of these candidate sites are positionally conserved across species. upstream regions (Figures 1A and 1B; Supplemental Table S1 at http://www.molecule.org/cgi/content/full/ 11/4/1101/DC1). Several known CREB target genes inCharacterization and Validation of CREB Target Genes cluding somatostatin (SST), urocortin (UCN), phosphoenolpyruvate carboxykinase 1 (PCK1), nurr1 (NR4A2), Inspection of putative CREB targets revealed a number of genes that contain either full palindromes or half-site and dual specificity phosphatase 1 (DUSP1) were recovered from this analysis, as well as approximately 65
CREs (Table 1) . About 30% of the top-scoring targets were transcriptional activators or coactivators, and a other putative CREB target genes. Several known CREB targets were also not reported by this analysis, most similar fraction was involved in cytoplasmic signaling. Consistent with the importance of CREB in the central often because those genes did not have a defined orthologous pair between mouse and human genes. In nervous system, many CRE-containing genes were differentially expressed in neurons (Supplemental Table S1 addition, approximately 77% of significant mouse sites (OPA3, OTOF, NDUFA10, ATP5i, CDC37) promoters, and binding of CREB to these sites was unaffected by stimu-A high proportion of putative CREB target genes were TATA-less; only about 15% of target genes contained lation with cAMP agonist (Figure 2A) . These results support the notion that cAMP regulates CREB trans-activa-TATA box motifs.
To determine whether the genes identified in our surtion potential rather than its DNA binding activity. To investigate whether the putative CREB target vey are actually bound by CREB in vivo, we performed chromatin immunoprecipitation assays on CRE-congenes are cAMP responsive, we generated luciferase reporter constructs for 16 different promoters and anaeffects on each of the four TATA-less genes tested (BNIP3L, OPA3, SENP2, YWHAH) ( Figure 2C ). These relyzed these by transient transfection assay in 293T and JEG-3 cells. All TATA-containing promoters were insults argue that activation of cellular promoters by cAMP may require a nearby TATA box. duced an average of 15-fold by cAMP agonist in both cell types ( Figure 2B ; not shown). But TATA-less promoters To determine the importance of the CRE site for promoter activation, we performed mutagenesis studies in showed only marginal responsiveness to cAMP, despite comparable basal activity in the absence of inducer (Figwhich the central 4 nucleotides of the CRE palindrome were deleted in several putative targets. Compared to ure 2B).
To eliminate potential regulatory artifacts associated wild-type constructs, the CRE mutant reporters for both TATA-containing (GEM, FLT1) and TATA-less (MAGOH) with the use of reporter vectors, we examined the effect of cAMP agonist on endogenous gene expression using promoters showed markedly lower basal activity, and, in the case of TATA-containing genes, cAMP-inducible candidates that were readily expressed in 293T cells under basal conditions by gene profiling analysis (not promoter activity ( Figure 2D ). These results indicate that the CRE contributes to both basal transcriptional activity shown). Forskolin treatment induced the TATA-containing NR4A2 gene 30-fold after 4 hr, but had minimal and cAMP responsiveness in these promoter contexts.
In order to investigate the role of CREB in regulating sequence-specific DNA binding sites for a transcripthe potential targets, we employed a dominant-negative tional activator are used to determine additional likely CREB expression vector referred to as acidic CREB target genes.
Our strategy employs a model-based ap-(A-CREB). A-CREB contains the CREB leucine zipper
proach with excellent statistical properties, comparative dimerization domain fused to an acidic peptide that exgenomics, and the positional conservation of putative tends the dimerization interface and disrupts binding of target genes across mouse and human upstream re-CREB family members but not other bZIP proteins to gions. Validation of this strategy using chromatin immu-DNA (Ahn et al., 1998) . Expression of A-CREB in 293T noprecipitation confirmed CREB binding to all of the cells blocked induction of target reporter constructs for targets tested. Activation studies, however, indicated TATA-containing genes (CDX4, EVX1, FLT1, SST) by that relatively few of the candidate genes responded to cAMP, but had no effect on basal promoter activity (Fig-CREB activation moter but had no effect on TBP occupancy over the These sites were aligned using the Clustal algorithm using the fol-TATA-less CDC37 gene ( Figure 3D ). Taken 
